Abstract Far from now are the days when investigators raced to identify the proteolytic system responsible for the degradation of their favorite protein. Nowadays, it is well accepted that a given protein can be degraded by different systems depending on factors such as cell type, cellular conditions, or functionality of each proteolytic pathway. The realization of this sharing of substrates among pathways has also helped to unveil deeper levels of communication among the different proteolytic systems. Thus, cells often respond to blockage of one degradative mechanism by upregulating any of the other available pathways. In addition, effectors and regulators of one proteolytic system can be degraded by a different proteolytic pathway that exerts, in this way, a regulatory function. In this mini review, we describe the different levels of cross-talk among autophagic pathways and the ubiquitin/proteasome system. We also provide examples of how this proteolytic communication is used for compensatory purposes in different pathological conditions and discuss the possible therapeutic potential of targeting the modulators of the cross-talk among proteolytic pathways.
Introduction
In the field of intracellular protein degradation, considerable efforts have been dedicated in the past to identifying the proteolytic pathway followed by specific proteins. This emphasis on mixing and matching seems to now fade as it becomes clear that the contribution of the proteolytic systems to the maintenance of a functional proteome is highly dynamic and capable of rapidly adapting to the cellular requirements at particular times. Although a large percentage of a specific protein may undergo degradation through a particular proteolytic system in a given cell type, this may not be the case in a different cell type, where other pathways may have a more prevalent role. In addition, if a protein cannot be degraded by its ''usual'' pathway, other proteolytic systems will now chip in and take care of its removal. This apparent redundancy in the way in which proteins are degraded in the cell speaks to the importance of maintaining proteostasis and the detrimental consequences that poor handling of altered or damaged proteins has for the cell.
The discovery of this sharing of degradative tasks by different proteolytic systems has brought to light two new concepts: the idea of cross-talk among the degradative pathways and the need for a strict regulation of the ''laws'' of this cross-talk to assure a coordinated functioning of these systems. Growing evidence supports that the cellular degradation systems not only share substrates, but also effectors and molecular regulators, which allows for one system to modulate functioning of the others.
As part of this special issue dedicated to the ubiquitin/ proteasome system, we focus in this mini review on its interplay with the autophagic system and the possible consequences of their cooperative functioning. We first briefly introduce the different autophagic pathways and then focus on their cross-communication among themselves and with the ubiquitin/proteasome system. The purpose of this review is not to provide a comprehensive list of every instance in which interactions among these pathways have been described, but rather to highlight common emerging themes on the characteristics of the cross-talk and to provide representative examples of the different layers of interaction that are now becoming evident. Our intention is to stimulate future analysis and discussion of the molecular mechanisms that govern the talk among the different proteolytic systems.
Autophagy
Autophagy refers to ''self-eating'' of the cell through a process by which cellular components undergo degradation within lysosomes. Lysosomes are specialized organelles full of luminal hydrolases that include proteases, lipases, nucleotidases, and glycases and are thus capable of degrading a wide range of substrates, ranging from macromolecular cellular components to entire organelles [1] . The lysosomal function in autophagy extends beyond cellular removal of unwanted cellular contents by proteolysis or degradation because the breakdown products are for the most part, recycled and utilized as new building blocks or for the generation of energy. Several types of autophagy coexist in all mammalian cells and differ largely in their mode of cargo delivery to the lysosomes, which gives rise to macroautophagy (MA), microautophagy, and chaperonemediated autophagy (CMA) (Fig. 1) [2, 3] .
Macroautophagy is a highly conserved pathway that involves more than 30 autophagy-related genes (Atgs) [4] whose protein products organize into functional complexes and act in a multi-step manner in this process. Cytosolic cargo is sequestered by the elongation of a double limiting membrane that seals to form an autophagosome (Fig. 1) . Degradation occurs when the lysosome and autophagosome membranes fuse and hydrolases from the lysosomal lumen gain access to the sequestered cargo [5] . At the molecular level, the process is initiated by the release of autophagy-inhibitory complexes (such as the mammalian target of rapamycin or mTOR, one of the best-characterized autophagy inhibitors), in response to a wide range of activating stimuli, such as scarcity of nutrients or growth factors, and endogenous and exogenous sources of cellular stress (e.g., endoplasmic reticulum (ER) stress, oxidative stress, hypoxia, and inflammatory conditions) [6] . Upon activation, nucleation of the limiting membrane (or phagophore) is initiated by phosphorylation by a second kinase complex of membrane lipids in specific cellular locations from where the autophagosome will form that includes the ER, mitochondria, Golgi, and most recently, the plasma membrane [7] [8] [9] [10] . This activating kinase complex (known as the initiation complex) is comprised of the core proteins Beclin-1, Vps34, and Vps15, and additional proteins such as Atg14, UVRAG, and Ambra-1 that determine the location and activity of the complex [11, 12] . Elongation of the limiting membrane is achieved by two ubiquitin-like conjugation events, namely the one mediated by the Atg5-Atg12-Atg16 protein-to-protein conjugation system and the LC3-PE (phosphatidyl ethanolamine) protein-to-lipid conjugation system [5] . Further maturation and sealing of this limiting membrane and fusion of the autophagosome with late endosomes and lysosomes involve specific subsets of SNARE proteins and their GTPbinding modulators as well as additional lipid-modifying enzymes [13, 14] . Although for a long time macroautophagy was considered to be an ''in bulk'' degradation process in which cytosolic materials were randomly sequestered, recent studies support that although a small fraction of macroautophagy may still occur in a nonselective manner, in most cases, cargo is specifically recognized by a growing number of cargo-recognition Fig. 1 Intracellular proteolytic systems cross-talk. Recent studies support many levels of functional interaction and crosstalk among the main proteolytic systems in the cell: the ubiquitin/proteasome system (UPS) and the different autophagic pathways (macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA)). Some of the already identified levels of cross-talk are highlighted and discussed in the text molecules or autophagy receptors that physically interact with the material tagged for degradation and with effectors of the autophagy process [15] (see more details in the next section).
In microautophagy, formation of an intermediary cytosolic vesicle for cargo delivery is not required, as cargo is sequestered by the invaginations of the lysosomal membrane itself that engulf entire regions of the cytosol (Fig. 1) . The invaginating membrane seals in the form of small vesicles that then pinch off into the lysosomal lumen where they are rapidly degraded. This process has been well characterized in yeast, and a dedicated machinery along with a subset of Atgs has been shown to mediate recognition of cargo, sequestration, and internalization in a stepwise manner [16] [17] [18] . Although this type of vesiclemediated internalization of cytosolic material into lysosomes has not been identified yet in mammals, a microautophagy-like process (termed endosomal microautophagy) has been recently described to take place in late endosomes through the small vesicular invaginations that the ESCRT machinery forms in the surface of these organelles. Cargo can be trapped by the vesicles ''in bulk'' or selectively through the action of a cytosolic chaperone that binds specific cytosolic proteins and delivers them to the forming vesicles [19] .
In chaperone-mediated autophagy, the cytosolic chaperone Hsc70 (heat-shock cognate protein of 70 kDa), a constitutive member of the heat-shock protein 70 family of proteins, along with several co-chaperones, functions in the identification and lysosomal delivery of cargo [20] , which in this case are single cytosolic proteins bearing in their amino acid sequence a distinctive pentapeptide (KFERQlike) targeting motif [21] . Recognition of the CMA substrate proteins by the Hsc70 co-chaperone complex is followed by their binding to the CMA receptor at the lysosomal membrane, the lysosome-associated membrane protein type 2A (LAMP-2A) [22] , and the subsequent unfolding [23] and translocation [24] of the substrate across the lysosomal membrane (Fig. 1) . A luminal form of Hsc70 assists in the translocation of substrates, which, upon reaching the lumen, undergo rapid degradation [24] .
All autophagic processes share common functions in the cell and have proven to be essential for the maintenance of cellular homeostasis and in the adaptation of cells to the changing extracellular environment [25] [26] [27] . One of the first functions described for autophagy was its role in the maintenance of the cellular energetic balance through the recycling of the constitutive elements of the degraded components [28] . This function becomes especially important for cell survival during conditions of nutrient deprivation, but also contributes to the cellular adaptation to the arrival of an excess of nutrients, such as lipids, which if accumulated in large amounts inside cells, can become toxic [28, 29] . During starvation, selective breakdown of nonessential proteins frees amino acids that can be used to sustain synthesis of proteins required for survival under these stress conditions. In addition, mobilization of intracellular energy stores, lipid droplets, and glycogen through autophagy has been recently shown to contribute to maintain a positive energetic balance during the starvation period [30] . A second important function of autophagy is to serve as a quality control mechanism that assures maintenance of the integrity of the proteome and the renewal of cellular organelles. Autophagy contributes to the elimination of damaged or misfolded proteins before or even after they organize into protein aggregates or other aberrant protein assemblies which can be toxic for the cell [31] [32] [33] . Out of the different types of autophagy-mediated degradation of organelles, mitophagy (degradation of mitochondria) and the autophagy of the ER during stress have received considerable attention for their important roles in the cellular defense against toxicity resulting from these organelles' malfunctioning [34] [35] [36] [37] . The large degradative capacity of the autophagic system makes autophagy an important mechanism in all those processes requiring major cellular remodeling or elimination of entire regions of cytosol. Thus, autophagy aids in the removal of cellular components that are no longer needed during specific stages of development, cellular differentiation, and in tissue remodeling [38] [39] [40] [41] . Moreover, the beneficial role of autophagy in eliminating unwanted cytosolic material further extends to pathogens that reach this compartment upon cell invasion and underlies the basis of the role of autophagy in innate and adaptive immunity, by direct degradation of the invading agents and antigen presentation [42] .
This diverse array of physiological functions of the autophagic process justifies the growing number of links established between autophagy malfunctioning and human disease. In some pathologies, failure of autophagy is secondary to the main cause of the disease but still contributes further to its aggravation, whereas in other conditions, a primary defect in autophagy has been identified as the main cause of disease [43, 44] . Autophagy malfunctioning has been described in pathologies resulting from alterations in protein homeostasis such as common neurodegenerative disorders including Parkinson's disease, Alzheimer's disease, Huntington's disease, and several tauopathies. Disease presents when clearance of the pathogenic proteins by autophagy is no longer possible, although often times, it is the pathogenic protein that interferes with proper autophagic functioning, thus contributing not only to its own poor degradation, but also to defective degradation of other proteins eliminated by this pathway [45] . Cancer was the first human disease in which a primary defect in an autophagy-related gene was described. Further studies have Cell Biochem Biophys (2013) 67:3- 13 5 revealed the complexity of the interplay between autophagy and oncogenic processes where autophagy can act either as a tumor suppressor (i.e., by providing genome stability [46] [47] [48] ), or as a pro-oncogenic pathway that favors survival of the cancer cells during malignant transformation by assuring better quality control and supporting the high energetic demands of their rapid division [49] [50] [51] .
The contribution of autophagy to cell immunity against invading pathogens justifies current efforts to enhance the autophagic response in infectious processes. However, in recent years, it has become apparent that certain pathogens can hijack autophagic compartments and utilize them for their replication and survival in the host, thus highlighting the need for the development of a more customized antiinfectious approach to the manipulation of autophagy [42] .
Readers interested in an in-depth review of the interplay of autophagy and disease are referred to some of the recent comprehensive reviews on this topic [39, [42] [43] [44] .
Selectivity in Autophagy
As mentioned in the previous section, the concept of selectivity in autophagy has been revised in recent years in light of the growing evidence supporting targeted removal of cytosolic components by autophagy. Efforts to dissect the molecular basis of autophagic selectivity have also contributed to unveiling a previously unknown crosscommunication among the different autophagic pathways and of these processes with the ubiquitin/proteasome system. According to the type of specific cargo degraded, new terms to describe this selective nature of macroautophagy have been coined, such as reticulophagy, for the degradation of ER [52] , mitophagy for mitochondrial degradation [34] , ribophagy for ribosomes [53] , xenophagy for pathogens [42] , pexophagy for peroxisomes [54] , lipophagy for lipid droplets [30] , and aggrephagy for aggregates [55] . The selectivity in these specialized types of macroautophagy is mediated by a family of cargo-recognition molecules that include proteins such as p62, NBR1, or NDP52 [56, 57] . These proteins contain a region for directly binding molecular tags in the cargo to be degraded, and at the same time, are capable of binding essential autophagy components such as LC3 through a dedicated region known as LIR (LC3 interacting region) [58] . Tags recognized by these proteins include specific proteins exposed on the surface and protein posttranslational modifications, such as ubiquitination, which links macroautophagy and the proteasome system. Although initially identified in aggregates, these receptors can also mediate macroautophagy of other cellular components such as mitochondria, peroxisomes, and even pathogens [56] . Recent studies have demonstrated that in addition to receptors and tagging, recognition of cargo by the macroautophagy machinery may also depend on intrinsic properties of the cargo itself. For example, reduced mobility of proteins in the surface of aggregates seems to facilitate their recognition by macroautophagy by permitting the assembly of the integral components of the autophagosome on top of the aggregate [59] . In other instances, selectivity seems to be mediated by molecular chaperones, as is the case of the Hsc70-mediated degradation of aggregate proteins by macroautophagy known as chaperone-assisted selective autophagy (CASA) [60] .
In the case of microautophagy, in addition to the selective degradation of cytosolic proteins by selective endosomal microautophagy in mammals [19] , selectivity has also been described in yeast for the degradation of the nuclear fractions (piecemeal microautophagy, micronucleophagy) [17] , peroxisomes (micropexophagy) [61] , and glycogen [62] .
The characteristic manner in which substrates are selected and targeted to the lysosomal compartment by CMA makes this pathway solely dedicated to selective protein removal. This selectivity has been demonstrated to assure removal of, for example, damaged proteins, without disturbing normally functioning proteins nearby in the case of mild oxidative stress [63] or exposure to UV light [64] and toxic protein-denaturing compounds [65] . This selectivity is also utilized by mammalian cells to eliminate subsets of proteins no longer necessary during nutrient deprivation, such as, for example, glycolytic enzymes [66] , for recycling of their constitutive amino acids. Close to 30 bona fide, CMA substrates have been identified and validated to date [67] but sequence analysis reveals that up to 30 % of cytosolic proteins bear putative CMA targeting motifs and could be, in theory, amenable for degradation by this pathway.
Multi-level Conversations Among Proteolytic Systems
Although proteolytic systems have been traditionally studied and dissected as individual isolated pathways, growing evidence supports the existence of an intricate network of communications both among the different autophagic pathways and in between these pathways and the ubiquitin/proteasome system.
Despite the fact that current studies have only begun to scratch the surface of the proteolytic cross-communication, it has already become evident that there are different levels of interaction among these systems. We comment here on the interactions for which experimental evidence has been provided and that can be, in a way, organized around three main types of observations: (1) those in which changes in one proteolytic pathway have an impact on the activity of the other; (2) those in which different proteolytic systems share components and substrates; and (3) those instances in which essential components of one pathway become substrates of another proteolytic pathway that thus contribute to its regulation (Fig. 1) .
Changes in One Proteolytic
Pharmacological blockage of the proteasome often results in compensatory upregulation of macroautophagy as supported by studies in cardiomyocytes [68] , different cancer cell lines [69, 70] , and neuronal cell lines and neurons in culture [71, 72] . The same holds true in whole organisms such as flies upon genetic ablation of proteasome components [73] (Fig. 2) . This response was also demonstrated in the context of aggregopathies where pathogenic proteins that accumulate in the affected tissues in these disorders, such as a-synuclein in Parkinson's disease or mutant huntingtin in Huntington's disease, often interfere with the normal functioning of the proteasome [74] [75] [76] [77] . Activation of macroautophagy under these conditions serves to facilitate the removal of these proteins as they organize into multimeric irreversible complexes (oligomers or aggregates) no longer removable by other proteolytic systems and this often enhances cell survival [70] [71] [72] 74] . Whether the reactive activation of macroautophagy occurs in response to the presence of these protein inclusions or directly because of the defective proteasome activity needs further clarification. In some instances, proteins such as p53 [72] have been proposed to link both systems because p53, often degraded by the proteasome, has been shown to have an activating effect on macroautophagy [78] [79] [80] . Transcriptional upregulation of some of the Atgs or inhibition of negative regulators of macroautophagy such as mTOR in response to proteasome blockage has also been described in other instances [70, 81] but the mechanisms that modulate this upregulation remain, for the most part, unknown. Recent studies have also shown pronounced upregulation of CMA when the proteasome is blocked, although the mechanisms behind these changes remain unknown [82] .
Most cells activate macroautophagy in response to blockage of CMA and vice versa [64, 83] (Fig. 2) . However, despite this bidirectional compensation, these pathways are not redundant, and although under basal conditions the upregulation of the functional pathway is enough to maintain cellular homeostasis, the affected cells fail to orchestrate a proper response to different stressors. For example, cells defective in CMA show constitutively high levels of macroautophagy and this upregulation is required for their normal homeostasis, as downregulation of this pathway leads to cellular failure [64] . However, upon exposure to oxidant or pro-oxidant agents, cells with compromised CMA display lower rates of survival despite macroautophagy still being fully active [64, 83] . Interestingly, the susceptibility to stress of these cells is clearly dependent on the type of stressor because for example, conditions such as heat shock, where macroautophagy may play a more important role due to the presence of protein aggregates, does not elicit a higher vulnerability in the CMA compromised cells. A plausible explanation could be that the activation of CMA may be beneficial over macroautophagy only in those conditions in which damage mainly affects single proteins rather than organelles, especially given the capability of CMA for selective protein removal [63] . The cross-talk between macroautophagy and CMA, at least in most cells, Fig. 2 Compensatory mechanisms in intracellular proteolysis. Changes in the activity of one proteolytic system impact the activity of the other systems. So far, most of the changes described are of compensatory nature whereby blockage of one pathway (marked with a red cross) leads to upregulation of another one (marked with a green arrow). However, there are also instances in which blockage of one pathway also interferes with the functionality of another. This proteolytic cross-talk may be influenced by many factors, as the ones shown in the cloud Cell Biochem Biophys (2013) 67:3- 13 7 works in both directions, as blockage of macroautophagy also leads to enhanced CMA activity [83] . In this case, it is less intuitive to understand what the beneficial effects of this upregulation of CMA could be when CMA can only degrade single soluble proteins but no toxic oligomeric protein complexes or organelles. It is possible that CMA may facilitate the maintenance of the soluble proteome under these conditions while other pathways such as microautophagy or yet to be identified mechanisms may also be upregulated to take care of organelle turnover. In contrast to this bidirectional relationship between CMA and macroautophagy, the cross-talk of the latter with the proteasome seems to compensate only in one direction. Thus, although, as described above, blockage of the proteasome leads to macroautophagy upregulation, blockage of macroautophagy often leads to reduced proteasome activity (Fig. 2) [84] . Different mechanisms may contribute to the compromise of proteasome activity. For example, in certain cells, accumulation of p62 as a result of the reduced activity of macroautophagy has been shown to compete with the deubiquitinating components of the 19S regulatory complex and ultimately being responsible for the decreased feeding of substrates into the proteasome catalytic core [84] .
The reactive response of one proteolytic pathway to changes in another pathway is not universal, but rather could exhibit both cell-type specificity and also time dependence (Fig. 2) . Regarding the former, recent studies have demonstrated that the cross-talk between CMA and macroautophagy is no longer present in the case of cancer cells [50] . Experimental blockage of CMA in these cells does not elicit macroautophagy upregulation, but instead higher rates of protein degradation through the UPS have been detected under those conditions. Interestingly, this enhanced proteasome degradation seems to affect some subsets of proteins but not others, although the mechanisms that determine this selectivity remain unknown [50] . Lastly, the duration of the functional compromise of one proteolytic pathway seems to also affect the response of the other pathways. For example, although, as described above, cells often respond to chemical inhibition of the proteasome by upregulating macroautophagy, studies using longterm inhibitors of the proteasome have demonstrated the inability of the treated cells to properly upregulate macroautophagy in response to nutritional stress [85] . It is possible that the sustained constitutive upregulation of macroautophagy in response to proteasome blockage results in either a depletion of the macroautophagy effectors and/or reduced ability to modify the lysosomal compartment to accommodate any further increase in the amount of cargo delivered by macroautophagy.
Interestingly, in contrast to the growing number of studies demonstrating the impact that blockage of one proteolytic pathway has on others, there is still no supportive evidence that upregulation of one proteolytic pathway induces responsive changes in another proteolytic system. For example, chemical upregulation of macroautophagy does not seem to modify proteasome or CMA activities and genetic upregulation of CMA, at least in cultured cells, does not modify macroautophagy or UPS efficiency. These findings support that the cross-talk among pathways may preferentially have a compensatory function and goes along with the idea that these mechanisms of degradation are not redundant.
Different Proteolytic Pathways Share Components and Substrates
Numerous examples support that the same protein can be degraded by different proteolytic systems depending on the cell type. Furthermore, even in the same cell, different pools of the same protein can undergo degradation by different proteolytic pathways. For example, in the case of IjBa, the inhibitor of the nuclear transcription factor kappa B, it has been shown to be degraded by the proteasome both in a ubiquitin-dependent and ubiquitin-independent manner; it also contains motifs for calpain and caspasemediated cleavage, and it bears in its amino acid sequence a targeting motif for CMA that is utilized under conditions of nutrient deprivation to initiate the activation of NF-jBa [86] [87] [88] [89] . Metabolic labeling analysis for different periods of time permits identification of pools of IjBa with different half-lives that coexist in most cells. The very short half-life forms of IjBa are preferentially substrates for the proteasome system, whereas the lysosomal system degrades the long-lived pool through CMA [89] . This use of different proteolytic pathways is no longer the exception but it has become a common characteristic of a large fraction of the cellular proteome.
This multiplicity of pathways to degrade the same protein may confer cells with an extra level of posttranslational regulation; thus, in the case of IjBa, reserving a fraction of this protein for lysosomal degradation makes possible a transcriptional peak dependent on NFjB even when many other signaling pathways are repressed. In other instances, the beneficial effect of the availability of different proteolytic pathways for a single substrate is used by the cells as a safety mechanism that guarantees the elimination of unwanted proteins or those which are prone to aggregate even when their normal degradation route is compromised. For example, wild-type alpha-synuclein is normally degraded in neurons by the ubiquitin/proteasome system and through CMA [90, 91] , whereas macroautophagy has been shown to be capable of eliminating the mutant forms of this protein, in particular, when organized into oligomeric irreversible structures no longer amenable to degradation by the two above-mentioned systems [92] . Having this ''way out'' guarantees cellular homeostasis, since blockage of macroautophagy in the affected neurons leads to severe proteotoxicity and often neuronal death.
The current challenge in the field is to identify the molecular determinants that decide the proteolytic pathway followed by a given protein. Some of these markers of degradation have been well characterized, such as the ubiquitin attachment for proteasome degradation [93] or the presence of a pentapeptide motif in the amino acid sequence that, when recognized by a chaperone, will deliver the protein for lysosomal degradation by CMA [67] . However, ubiquitin tagging for example can also be utilized for autophagy targeting. The first clue about the usage of ubiquitin by autophagy originated from studies in transgenic animals with compromised autophagy, where one of the most apparent modifications was the accumulation of polyubiquitinated proteins despite the fact that no major changes were observed in the proteasome system [94, 95] . Later, autophagy receptors were shown to recognize ubiquitin moieties on the surface of protein aggregates or the organelles such as peroxisomes before their degradation [58, 96] . However, the complexity of the ubiquitin code is larger than initially anticipated. For example, the number of ubiquitin moieties conjugated to a protein and the lysine (K) in the ubiquitin used for the conjugation (linkage) have started to reveal a complex code in which some linkages (K48) are preferred by the proteasome, whereas others (K63) are often identified in substrates undergoing degradation by macroautophagy [97, 98] . With more than 10 types of ubiquitin linkages already identified, the possibility of combined usage of lysines in the same chain and the occurrence of branching of chains indicates that the deciphering of this code is probably just in its beginning stages.
Although at a lower level of complexity, the CMA targeting motif also allows for some level of flexibility. For example, in addition to being functional in both directions and when placed in different regions of the same protein, the pentapeptide that forms a CMA targeting motif can also be completed by posttranslational modifications. Thus, a functional motif can result from a tetrapeptide missing a positive or a negative charge through acetylation or phosphorylation of a fifth residue, respectively [99, 100] . This confers an important regulatory role to kinases, phosphatases, acetylating enzymes, and deacetylases in the degradative fate of many proteins via CMA.
Chaperones have also been placed in the center of the degradative decision as they can recognize unfolded proteins and present their taggable regions to the pertinent enzymes [101] . Chaperones also mediate delivery of substrate proteins directly to the proteasome and to lysosomes, and in some cases, such as CHIP (carboxyl terminus of Hsc70-interacting protein), they can even actively contribute to ubiquitin conjugation [102] . Although not in all cells, as described in previous sections, chaperones such as Bag1, Bag3, and hsp70 have also been involved in the targeting of aggregate proteins to degradation by macroautophagy through CASA [60] . However, aggregophagy can occur even in the absence of those chaperones with the assistance of the cargo-recognizing molecules [55] . In addition to the role of Hsp70 in macroautophagy, other members of the Hsp70 family such as Hsc70 participate in targeting of substrates for both CMA and endosomal microautophagy but the factors that determine delivery to one system or the other remain unknown. It is possible that because CMA can only handle proteins susceptible to unfolding, soluble single proteins are delivered by Hsc70 to CMA but if proteins organize into irreversible oligomeric complexes, the same chaperone targets them to endosomal microautophagy where unfolding is no longer required prior to internalization and degradation [19] .
Sharing of components among pathways is not limited to tagging but also effectors and regulators of one pathway can be utilized by another. One of the examples that has received much attention in recent days is E3 ubiquitin ligases such as Parkin, which, in addition to their role in proteasome substrate tagging, have been demonstrated to play an important function in the degradation of mitochondria through some forms of mitophagy [103] [104] [105] [106] . Parkin is recruited to damaged mitochondria where it interacts with the mitochondria resident protein PTENinduced kinase 1 (PINK1) and mediates ubiquitination of two mitochondrial fusion proteins MFN1 and MFN2, which in turn recruit other proteins to mitochondria to initiate mitophagy [107, 108] . Interestingly, further reinforcing the cooperativity between proteolytic systems, Parkin also promotes arrival to this mitochondria setting of other ubiquitin/proteasome system components that facilitate trimming and degradation of proteins from the outer membrane of the mitochondria before mitophagy can be initiated. The abundance and relative redundancy of E3 ligases in cells makes it unlikely that the engagement of ligases such as Parkin in autophagy would diminish its availability for the degradation of substrates through the proteasome system. However, once in a disease setting where the amount of pathogenic proteins that need to undergo degradation is high, and where some degree of compromise of quality control mechanisms can occur, it would not be surprising that effectors shared between two proteolytic systems could become limiting to one of them. to do and that is degradation. There is a growing number of examples in which components of one proteolytic pathway become substrates for another proteolytic system. As with any other intracellular protein, those that form part of the ubiquitin/proteasome system or are engaged in autophagy also need to undergo continuous turnover, and in fact, changes in their degradation rates can exert an additional level of regulation over those proteolytic systems in which they participate. The catalytic core of the proteasome is degraded as a whole complex by macroautophagy under conditions such as nutrient deprivation, thus contributing to the downregulation of proteasome-dependent degradation under those conditions [109] . However, the mechanisms that contribute to the recognition of the proteasome by the macroautophagy machinery remain unknown. In contrast to this degradation triggered early in starvation, under basal conditions or when starvation is sustained beyond 12 h, specific subunits of the proteasome seem to be selectively targeted for degradation by CMA [109] . In fact, a subset of subunits of the catalytic and regulatory cores of the proteasome bear in their sequence CMA targeting motifs and can be identified in the lumen of CMA active lysosomes if the activity of lysosomal proteases is inhibited [110] . It is possible that CMA plays a dual role over the proteasome system as a quality control enforcer, by eliminating excess subunits not used for assembly under basal conditions, and by exerting an additional regulatory role by limiting assembly of new proteasomes when nutrients are scarce.
Other components of the ubiquitin/proteasome system also utilize autophagy as their preferred method for degradation. For example, ubiquitin, a protein that contributes to substrate presentation to the proteasome, has been detected inside autophagosomes, supporting its degradation through this pathway [111] . However, this protein becomes highly enriched in lysosomes active for CMA where it undergoes degradation during stress conditions [111] .
Probably, one of the most studied examples of a macroautophagy effector being degraded by the proteasome is p62. This cargo-recognition protein required in many types of selective autophagy can undergo degradation by the proteasome [84, 112] . Enhancing p62 degradation through the proteasome pathway could, at least in theory, limit the amount of this receptor available for macroautophagy.
In contrast to the vast number of substrates already identified for each proteolytic pathway, less is known regarding the degradation of the proteins involved in the degradation systems themselves. For example, except for the above-mentioned cargo receptors and Atg8/LC3, the protein that serves as an essential constituent of the autophagosome whose degradation by autophagy is often used as a read out of autophagic flux [113] , the degradation pathways followed by the other Atgs involved in macroautophagy are, for the most part, unknown. Likewise, in the case of CMA, the degradation of the lysosomal receptor, LAMP-2A, has been shown to contribute to modulate the activity of this pathway and has been extensively characterized, but the mechanisms that contribute to degrade the cytosolic chaperones that participate in this process are poorly characterized.
Future studies should provide a more complete view of this additional level of interplay that promises to have important regulatory functions.
Therapeutic Implications of the Proteolytic Cross-Talk and Future Challenges
Although much is still needed to learn about the rules that mediate the interplay among different proteolytic systems in cells, the growing number of disease conditions in which one proteolytic system compensates for failure of another highlights the potential value for molecular modulators of this cross-talk as attractive therapeutic targets in some human diseases associated with proteotoxicity.
The ability to upregulate one proteolytic pathway in response to failure of another may contribute to increasing the duration of the disease-free state, for instance, in different protein conformational disorders in which compromise of one of these pathways occurs. Although more detailed analysis is required, in conditions such as Parkinson's disease where a direct blockage of the proteasome and CMA by a-synuclein, one of the main pathogenic proteins in this disorder, has been reported [90, 91] , it is anticipated that the upregulation of macroautophagy observed in the affected neurons may help preserve cellular homeostasis even when the other two systems are compromised. Whether cellular toxicity and death are eventually precipitated either by a gradual increase in the level of blockage of these other two pathways, or due to the inability to sustain upregulated macroautophagy beyond some point or a combination of both will require future investigation.
Future studies should also address whether the differences in the potency or even ability to activate these compensatory mechanisms account for cell-and organspecific differences in susceptibility to disease. For example, a gradual decrease with age in macroautophagy and CMA activity has been described in different organs [114] but whether this defect occurs concurrently or through the failure of one following the other after a period of compensatory upregulation remains unknown. A better understanding of both the sequence of events that end in the failure of each proteolytic system, as well as the molecular mechanisms that modulate the activation and maintain the compensatory activities, should provide novel targets worth exploring for therapeutic purposes.
The rather limited information on the pathways that contribute to normal turnover of protein effectors for the different proteolytic pathways is probably the reason behind the lack of experimental examples of the applicability of this type of regulation. However, understanding the contribution that changes in the activity of one proteolytic system may have on the levels of effectors available for other proteolytic systems may be important from a therapeutic point of view. Thus, although blockage of one proteolytic pathway to increase effectors of another pathway may never be a good option, once the molecular determinants that trigger degradation of effectors of, for example, the proteasome by macroautophagy become elucidated, it is reasonable to think that interventions aimed at selectively preventing the targeting and degradation of these proteasome effectors by autophagy may be a realistic way to enhance proteasome activity when needed.
Overall, the cross-talk among proteolytic systems is still relatively unexplored but it is emerging as an important mechanism that cells adopt and use to their advantage during disease conditions. Consequently, understanding the principles and molecules that regulate this cross-talk could offer very interesting novel therapeutic approaches to modulate intracellular protein degradation and to preserve or restore protein homeostasis in disease settings.
